Introduction
Diabetes mellitus (DM) has become a global epidemic. According to the International Diabetes Federation, more than 415 million people worldwide have DM, and this number is expected to increase to 642 million by 2040 (1) . In the United States, nearly half of the adult population has prediabetes or DM (2) . DM is associated with many complications, including increased infection risk. With DM, one of the most common sites of infection is the urinary tract (3) . In people with DM, urinary tract infection (UTI) is 10 times more common and more likely to progress to pyelonephritis and/or cause acute kidney injury (4) . Complicated UTIs, including emphysematous pyelonephritis, renal abscess, and necrotizing papillitis, are also more common. The risk of bacteremia is 4 times greater and mortality rates are 5 times greater in DM patients with a UTI than in non-DM patients (5, 6) . With DM, UTIs from multidrug-resistant microbes are more common, and antibiotics are increasingly insufficient to prevent UTI sequelae (7) . Because of the growing incidence of DM and the increased UTI risk in people with DM, DM-associated UTI management has a substantial burden on medical costs (3) . Understanding how the body shields the urothelium from pathogens in diabetic and nondiabetic states is vital to enhancing these defenses and developing novel UTI therapies.
Insulin resistance is the primary metabolic abnormality leading to the development of prediabetes and type 2 DM (T2DM). Insulin resistance is often subclinical and defined by inefficient insulin receptor (IR) signaling. Although insulin resistance at the receptor level is not fully defined, it does involve aberrant post-IR signaling and/or an overall change in the number of functional receptors (8, 9) . Targeted IR deletion in tissues involved in energy homeostasis, including the pancreas, liver, muscle, and adipose tissue, promotes insulin resistance in vivo (10) (11) (12) (13) .
In the kidney, insulin is involved in a number of homeostatic responses including gluconeogenesis, regulation of renal blood flow, electrolyte/mineral balance, and vascular resistance (14) . The IR is expressed throughout the glomerulus, nephron, and collecting duct. The IR is a tetrameric protein consisting of 2 extracellular α-subunits and 2 transmembrane β-subunits. When in a complex with insulin, the IR undergoes a conformational change that activates the β-subunit's kinase activity and initiates a cascade of phosphorylation events leading to downstream target activation, including the phosphatidylinositol-3-kinase (PI3K/AKT) signaling pathway. AKT, also referred to as protein kinase B, is a key downstream insulin-mediated effector. PI3K/AKT is required for diverse cellular processes -including cellular proliferation, metabolism, protein synthesis, and protein trafficking (14) (15) (16) .
Recently, we demonstrated that insulin and insulin-mediated PI3K/AKT activation contribute to renal host defenses by inducing antimicrobial peptide (AMP) production (17) . In the kidney, AMPs are primarily produced by intercalated cells (ICs). ICs, which are located in the kidney's collecting tubules, contribute to epithelial antibacterial defenses by acidifying the urine to inhibit the survival of invading uropathogens and producing innate immune proteins such as pattern recognition receptors, inflamPeople with diabetes mellitus have increased infection risk. With diabetes, urinary tract infection (UTI) is more common and has worse outcomes. Here, we investigate how diabetes and insulin resistance impact the kidney's innate defenses and urine sterility. We report that type 2 diabetic mice have increased UTI risk. Moreover, insulin-resistant prediabetic mice have increased UTI susceptibility, independent of hyperglycemia or glucosuria. To identify how insulin resistance affects renal antimicrobial defenses, we genetically deleted the insulin receptor in the kidney's collecting tubules and intercalated cells. Intercalated cells, located within collecting tubules, contribute to epithelial defenses by acidifying the urine and secreting antimicrobial peptides (AMPs) into the urinary stream. Collecting duct and intercalated cell-specific insulin receptor deletion did not impact urine acidification, suppressed downstream insulin-mediated targets and AMP expression, and increased UTI susceptibility. Specifically, insulin receptor-mediated signaling regulates AMPs, including lipocalin 2 and ribonuclease 4, via phosphatidylinositol-3-kinase signaling. These data suggest that insulin signaling plays a critical role in renal antibacterial defenses.
infection (HPI), urinary and bladder bacterial titers were enumerated. T2DM db/db mice had significantly greater UPEC burden compared with controls ( Figure 1B ), demonstrating that UPEC susceptibility increases with noncontrolled, hyperglycemic T2DM.
To assess the impact of insulin resistance on UTI risk, independent of hyperglycemia, we subjected 8-week-old C57BL/6J female mice and prediabetic TALLYHO mice to experimental UTI (24, 25) . Prediabetes was defined by impaired glucose tolerance and/or increased insulin levels without marked hyperglycemia, glucosuria, or overt T2DM (Table 1) (23) . Prediabetic TALLYHO matory cytokines, bacteriostatic iron binding proteins, and bactericidal AMPs (18, 19) . Mice with reduced IC numbers develop substantially higher urinary and bladder bacterial burden when infected with uropathogenic E. coli (UPEC) (20, 21) . During an ascending UTI (i.e., pyelonephritis), UPEC invades the collecting tubules and attaches to the luminal surface of ICs (20, 22) . Thus, ICs are ideally positioned to defend the kidney from UPEC and have a key role in maintaining urine sterility.
Because people with DM have an increased propensity to develop UTIs, we hypothesized that DM impacts the immune functions of the kidney's collecting tubules and ICs. Moreover, we hypothesized that insulin has an essential role in collecting duct and IC defenses by regulating PI3K/AKT activity and downstream AMP production. To test these hypotheses, we utilized prediabetic, T2DM, and cell-specific IR knockout models to investigate the role of insulin and IR-mediated signaling on renal antibacterial defenses. In doing so, we identified a crucial role for IR-mediated signaling in innate IC defenses and urine sterility.
Results
Type 2 diabetes mellitus and prediabetes increase UTI risk. To verify that T2DM increases UTI susceptibility, we transurethrally infected 7-week-old female T2DM db/db mice and nondiabetic db/+ mice with UPEC ( Figure 1 ). T2DM was identified by hyperinsulinemia, marked hyperglycemia (≥250 mg/dl), and glucosuria (Table 1) ), which possess loxP sites flanking exon 4, were crossed with kidney-specific (KSP) cadherin-Cre mice ( Figure 2 , A and B) (10, 26 fl/fl mice were crossed with V-ATPase-Cre mice, which express Cre-recombinase under the IC-specific Atp6v1b1 promoter ( Figure 2B ) (27) . Throughout this manuscript, mice in which the IR is selectively deleted are referenced as IRKO. Homozygous floxed littermates lacking the KSP-Cre or V-ATPase-Cre transgene served as controls (IRflox). IRKO mice exhibit normal mice also had suppressed renal β-IR expression and AKT activation ( Figure 1C) . Following experimental UTI, TALLYHO mice had a significantly greater urine UPEC burden compared with controls ( Figure 1D ). Although it did not reach statistical significance, bacterial bladder titers were also greater in TALLYHO mice compared with nondiabetic controls ( Figure 1D ). These results show that the hyperglycemic environment alone does not explain DM-associated UTI risk. Moreover, the results suggest that insulin resistance and IR-mediated signaling may play a key role in preventing UTI.
Generation and characterization of renal collecting duct and IC-specific IR knockout mice. To evaluate the effects of insulin and IR-mediated signaling on urinary tract antibacterial defenses, we selectively deleted the IR in the kidney's collecting duct and ICs. demonstrated that tdT-expressing ICs were enriched from 1%-3% of total kidney cells to a 92%-97% pure population ( Figure 4B ) (29 Figure 4D ). To determine whether IR deletion affects IC function via urine acidification, ammonium chloride was added to the drinking water of V-ATPase-Cre Figure 4E ). Together, these data suggest that IR deletion does not affect IC development or the ability of ICs to regulate urine acidification.
Preclinical studies suggest that ICs acidify the urine in response to transurethral UPEC challenge (20) . Therefore, we collected serial urine samples from control and IRKO mice before and after experimental UTI. Following UPEC challenge, we did not identify significant changes in urine pH in IRflox or IRKO mice (Supplemental Figure 6) .
IR deletion suppresses antimicrobial peptide expression. To determine if IR deletion impacts IC AMP expression, we quantitated AMP transcript profiles in FACS-isolated ICs from V-ATPase-Cre + tdT +/+ mice ( Figure 5A ). Next, we assessed relative AMP mRNA expression in isolated ICs from control and IRKO mice ( Figure  5B ). Compared with controls, ICs from IRKO mice had significantly decreased transcript expression of ribonuclease 4 (Rnase4) and lipocalin 2 (Lcn2, also referred to as NGAL). Western blot confirmed decreased RNase4 and Lcn2 peptide expression ( Figure  5C ). To ensure these expression changes were not related to the effects of tissue dissociation and/or FACS, we evaluated RNase4 and Lcn2 mRNA expression in kidney homogenates and measured urinary peptide concentrations. Rnase4 and Lcn2 transcripts were suppressed in noninfected and infected kidneys from V-ATPase-Cre IRKO mice ( Figure 5D ). Similarly, urinary RNase4 and Lcn2 peptide concentrations were suppressed in V-ATPase-Cre IRKO mice at baseline and after UPEC inoculation ( Figure 5 , E and F). Similar kidney mRNA and urinary peptide profiles were phenotypes and development, normal renal histopathology (Supplemental Figures 2 and 3), normal serum chemistries and insulin levels, and no evidence of impaired glucose homeostasis (Table 2 and Supplemental Figure 4 ).
PCR confirmed kidney-specific, Cre-mediated recombination in IRKO mice ( Figure 2C ). Real-time reverse transcription PCR (qRT-PCR) and Western blot showed reduced IR mRNA and protein expression in IRKO mouse kidneys relative to control littermates ( Figure 2 , D and E). We were unable to localize IR expression and/or deletion in the collecting duct with immunostaining. Thus, we incorporated the Cre-dependent tdTomato (tdT) fluorescent protein variant reporter strain into our breeding scheme ( Figure 2B ) (28) . This approach allowed us to visualize Cre-mediated recombination and to isolate ICs by FACS (29) . Western blot confirmed suppressed β-IR expression in FACS-isolated ICs ( Figure 2E ). Bladder IR expression was not affected (not shown). To confirm that IR deletion impacts downstream insulin-mediated effectors, IRKO and IRflox mice were starved and treated with increasing doses of insulin. Compared with controls, kidneys from insulin-treated IRKO mice showed suppressed PI3K/AKT activation ( Figure 2F ).
IR deletion in the kidney's collecting ducts and ICs impairs host defense.
To evaluate if IR deletion affects UTI susceptibility, 6-to 8-week-old female IRflox and IRKO mice were transurethrally challenged with UPEC. At 24, 48, and 72 HPI, IRKO mice had greater UPEC urine and bladder burden (Figure 3 ). Similar burden differences were identified in the kidneys (Supplemental Figure  5) . These results suggest that intact collecting duct IR-mediated signaling is critical for the kidney's antibacterial defenses. Moreover, the results indicate that ICs play an essential role in maintaining urine sterility and that alterations in IC function impact lower urinary tract UPEC clearance.
IR deletion does not impact IC populations or urine acidification. Incorporation of the Cre-dependent tdT fluorescent protein reporter strain into our breeding scheme allowed us to FACS-isolate ICs and investigate the impact of IR deletion in an enriched cell population ( Figure 4, A and B) . Post FACS-sort enrichment checks (20, 32) . In contrast, RNase4's antibacterial activity has not been investigated. To confirm RNase4's antibacterial activity against UPEC, colony count reduction assays were performed by incubating multidrug-resistant UPEC (MDR-UPEC) and strain UTI89 with serial dilutions of recombinant RNase4 peptide. RNase4 exhibited potent bactericidal activity against both UPEC strains at micromolar concentrations ( Figure 5H ).
Insulin induces antimicrobial peptide expression via PI3K/AKT signaling. To further define insulin's effects on AMP expression, we cultured mouse outer medullary renal epithelial cells (mOMCD1), mouse inner medullary renal epithelial cells (mIMCD3), and human medullary renal epithelial cells in insulin-free media and treated them with recombinant insulin (100 nM). Insulin induced Lcn2 and RNase4 mRNA expression in all cell lines ( Figure 6, A and B) .
Because IRKO mice have suppressed renal PI3K/AKT activity ( Figure 2 ) and decreased AMP expression ( Figure 5 ), we hypothesized that insulin induces AMP expression via PI3K/AKT. To confirm that insulin-induced Lcn2 and RNase4 expression are regulated by PI3K/AKT, human medullary epithelial cells were observed in KSP-Cre IRKO mice (Supplemental Figure 7) . These findings suggest that IR-mediated signaling regulates AMP expression and that suppressed AMP production may increase UPEC susceptibility.
To confirm that UPEC survival increases in urine with reduced AMP concentrations, we collected urine specimens from noninfected control and V-ATPase-Cre IRKO mice and inoculated them with UPEC. Compared with IRflox mice, UPEC survival increased in urine from isolated IRKO mice, suggesting that suppressed urinary AMP expression increases UPEC survival ( Figure 5G ). To validate the antimicrobial contributions of Lcn2 and RNase4, we added Lcn2 and RNase4 neutralizing antibodies to separate urine aliquots from IRKO and IRflox mice. In urine from IRflox controls, the addition of an antibody directed against RNase4 significantly suppressed UPEC killing. Although not reaching statistical significance, UPEC survival also increased in IRflox urine with the addition of an anti-Lcn2 antibody ( Figure  5G ). In contrast, adding Lcn2-or RNase4-neutralizing antibodies to IRKO urine did not impact UPEC survival. The addition of an irrelevant antibody had no effect. These data establish a role for Lcn2 and RNase4 in preventing UTI. pretreated with wortmannin, a PI3K/AKT antagonist, and stimulated with insulin. Western blot showed insulin-induced RNase4 peptide production that was blocked by wortmannin ( Figure 6C ). Lcn2 was not routinely detected by Western blot in these cells. Thus, ELISA quantitated Lcn2 secretion into the culture media. Lcn2 concentrations increased nearly 7-fold after 24 hours of insulin treatment. Wortmannin blocked insulin-induced Lcn2 secretion ( Figure 6D ). These results verify that insulin induces renal epithelial Lcn2 and RNase4 expression through PI3K/AKT. To confirm that PI3K/AKT regulates AMP expression in vivo, C57BL/6J mice were treated with intraperitoneal wortmannin or vehicle control. Compared with controls, kidneys from wort- (H) UPEC strains (UTI89 or MDR-UPEC) were incubated with serial dilutions of RNase4 peptide. After a 2-hour incubation, UPEC strains were plated on LB agar and colony counts were performed the following day. Repeat testing was performed on all bacterial isolates in triplicate. Data are mean CFU and SEM. *P < 0.05, **P < 0.01, ***P < 0.001. jci.org Volume 128 Number 12 December 2018
Youth with type 2 diabetes have suppressed urinary RNase4 and Lcn2 concentrations.
To investigate the effect of insulin resistance on human urinary AMP expression, we quantitated RNase4 and Lcn2 concentrations in urine specimens from healthy control and T2DM children and adolescents (Supplemental Table 1 ). ELI-SA demonstrated that T2DM youth had lower median urinary RNase4 and Lcn2 concentrations than healthy controls (Figure mannin-treated mice had decreased Lcn2 and Rnase4 transcript expression ( Figure 6E ). To assess the contributions of PI3K/AKT to urothelial defense, carrier and wortmannin-treated mice were subjected to UTI. After UPEC challenge, wortmannin-treated mice developed significantly greater UPEC burden ( Figure 6F and Supplemental Figure 8 ). These findings confirm that PI3K/AKT regulates AMP expression and that it shields the urothelium from UPEC. ing duct IR expression (34) . Similarly, our data demonstrate that renal β-IR expression and downstream IR-mediated effectors, like PI3K/AKT, are suppressed in insulin-resistant db/db and TALLY-HO mice. Suppressed β-IR expression and PI3K/AKT activity were also observed in db/db mouse bladders. Thus, decreased IR expression and suppressed insulin signaling could have a major impact on urothelial and renal epithelial innate immune functions, increasing UTI risk in prediabetes or T2DM.
To evaluate insulin's effects on the kidney's immune defenses, we deleted the IR in the collecting tubules and ICs. The IRKO model, which allows tissue-specific disruption of insulin signaling, provides a powerful approach to dissect insulin's direct effects independent of lipotoxicity and abnormal glucose homeostasis (10, 13) . Prior evidence suggests that insulin and IR signaling impact renal development, as explanted murine kidneys treated with a β-IR antisense oligodeoxynucleotide had a reduced nephron number and delayed growth (35) . To determine whether IR deletion impacts IC development, we enumerated ICs in IRKO mice. IRKO mice have IC numbers comparable to those in controls. Histological lesions suggestive of abnormal renal organogenesis were not identified in IRKO mice. Similarly, when β-IR was selectively deleted in the kidney's proximal tubule, thick ascending limb, or collecting duct, morphologic lesions indicative of abnormal kidney development were not identified. Instead, phenotypes were manifested by clinical or biochemical abnormalities (36) (37) (38) (39) .
Selective β-IR deletion in the kidney's proximal tubule affects glucose homeostasis and gluconeogenesis (36, 37) . Distal tubule IR deletion impacts sodium reabsorption and vascular resistance (38, 39) . While IC β-IR deletion does not impact acid secretion or urine acidification in response to ammonium chloride loading, our data suggest that IR deletion suppresses the kidney's innate defenses and increases UPEC susceptibility. Thus, intact insulin signaling is critical for activation of collecting duct epithelial defenses. Moreover, insulin resistance, in even a single cell type, affects host responses and markedly impacts phenotypic outcomes.
Although the collecting ducts' contributions to host defense are only beginning to be recognized, evidence suggests that ICs participate in antimicrobial surveillance (18) . In response to UPEC challenge, Paragas and colleagues demonstrated that ICs acidify the urine to inhibit bacterial replication (20) . We did not observe urine acidification following experimental UTI. This occurrence may be a manifestation of the low UPEC titers we enumerated in mouse kidneys -perhaps a reflection of differences in the bacterial innoculum, UPEC strain, or experimental technique. 7). Urinary RNase4 and Lcn2 concentrations negatively correlated with hemoglobin A1c (Spearman's r = -0.362, P = 0.045 for RNase4; r = -0.359, P = 0.047 for Lcn2; Supplemental Figure 9 ). We did not observe a correlation between urinary AMP concentrations and the glomerular filtration rate or percentile of body mass index (not shown).
Discussion
Although DM is recognized as a disease that increases infection susceptibility, the mechanisms that increase UTI risk are not established. Here, we investigate the impact of insulin and IR-mediated signaling on the kidney's antibacterial defenses. Recent evidence suggests that epithelial cells in the kidney's collecting duct activate host defenses to prevent lower urinary tract infection or an ascending pyelonephritis. Within the collecting tubules, ICs contribute to urine sterility by producing innate immune proteins, altering urine pH, and secreting bacteriostatic and bactericidal peptides and proteins into the urine (18, 22) . This study provides new evidence that insulin and IR-mediated signaling have essential roles in regulating collecting duct and IC innate defenses. In doing so, our results identify unique mechanisms that may explain why certain patient populations, such as diabetics, have increased UTI risk. Our findings also provide evidence that the kidney's collecting duct has a fundamental role in shielding the urothelium from UPEC.
Traditionally, DM-associated UTI has been attributed to glucosuria or hyperglycemia, which promote pathogen replication, facilitate UPEC binding to urothelial cells, inhibit neutrophil functions, and impair bladder emptying (6) . In this regard, our data show that T2DM db/db mice, with marked hyperglycemia and glucosuria, have increased UTI susceptibility. Similarly, streptozotocin-induced T1DM hyperglycemic mice have increased UTI susceptibility, delayed UPEC clearance, and develop more severe infections compared with nondiabetic controls (33) . Our data also demonstrate that insulin-resistant prediabetic TALLY-HO mice have increased UPEC susceptibility, with urinary and bladder UPEC burden comparable to hyperglycemic db/db mice. These findings suggest that the hyperglycemic environment alone does not fully explain DM-associated UTI risk. They also indicate that insulin resistance may inhibit innate urothelial defenses and increase infection susceptibility.
Although the causes of insulin resistance are unclear, key mechanisms include disrupted IR signaling or decreased IR expression (8, 9) . Published evidence shows that kidneys from insulin-resistant rats have suppressed medullary and collect- Recently, we published in vitro data showing insulin induces RNase7 expression in human renal epithelial cells via PI3K/AKT signaling (17) . Prior studies show that insulin upregulates Lcn2 production in omental adipose tissue explants. Insulin-induced Lcn2 production is inhibited by wortmannin (50) . Here, we show that insulin induces RNase4 and Lcn2 expression via PI3K/AKT in vitro. Moreover, we demonstrate that pharmacologic PI3K/ AKT inhibition suppresses in vivo AMP expression and decreases UPEC clearance. These results suggest that PI3K/AKT is an integral regulator of renal epithelial host defense and AMP expression. In addition, they suggest that decreased PI3K/AKT activation and downstream Lcn2 and RNase4 expression may increase UPEC susceptibility.
A major strength of the present study is the use of murine models to show that insulin resistance, independent of hyperglycemia/ glucosuria, contributes to DM-associated UTI risk by suppressing renal AMP expression. The impact of insulin signaling on AMP expression is supported using in vitro culture models and human specimens. Still, there are limitations. We use PDM, T2DM, and genetically modified mice that are on nonrefluxing genetic backgrounds. As previously shown, it is difficult to establish pyelonephritis using nonrefluxing mice (51, 52) . While our data demonstrate a role for collecting duct IR-mediated signaling in preventing lower UTI, we cannot definitively conclude that it has a role in preventing pyelonephritis. Additionally, while this study shows the key role for collecting duct IR-mediated signaling in UTI prevention, it does not provide mechanistic insight into the effects of insulin signaling in the lower urinary tract. As shown here and in our prior publication, IR is expressed in murine and human bladder (17) . Finally, in regard to our human studies, youth in the T2DM cohort were receiving DM therapies. Consequently, this cross-sectional study cannot address the role of T2DM treatment and/or glycemic control on urinary AMP concentrations. Also, it does not assess whether suppressed urinary RNase4 or Lcn2 concentrations increase clinical UTI risk. A large prospective follow-up study may provide additional insight into these limitations.
To conclude, the present study identifies insulin and IRmediated signaling as critical regulators of renal epithelial defenses. This study provides what we believe is the first evidence that IC-specific IR deletion and insulin resistance increase UTI risk by suppressing PI3K/AKT and downstream AMP expression. In doing so, they show that ICs protect the urothelium from uropathogens. Taken together, these findings elucidate a critical role for the IR-PI3K/AKT-AMP axis in IC antibacterial defenses and UTI prevention.
Methods
Mouse breeding and genotyping. Mouse maintenance was performed in strict accordance with the Institutional Animal Care and Use Committee rules and regulations. Female TALLYHO, homozygous female db/db, and db/+ mice were purchased from Jackson Laboratory (stock 005314 and 00642). Because the diabetic trait in TALLYHO mice is polygenic and nondiabetic genetic controls do not exist, C57BL/6J mice were selected as controls as described in prior publications (24, 53) .
To selectively delete the IR in the kidney's collecting ducts or ICs, mice homozygous for the floxed Insr gene (Jackson Laboratory, stock 006955) were bred with KSP-Cre (Jackson Laboratory, stock 012237)
In addition to acid secretion, additional evidence shows that ICs secrete AMPs into the urinary stream to combat invading pathogens. Some of these AMPs are produced at basal concentrations to prevent bacterial attachment whereas others are rapidly induced to facilitate pathogen clearance (18) . To investigate how IR deletion impacts AMP expression, we profiled AMPs in IRKO mice. Compared with controls, Lcn2 and RNase4 mRNA and peptide expression were suppressed in kidneys, isolated ICs, and urine from IRKO mice.
Although only a limited number of AMPs have been characterized in the urinary tract, UTI risk increases when AMP production is disrupted (18, (40) (41) (42) . When subjected to experimental UTI, Lcn2-KO mice develop higher bacterial bladder burden and are slower to eradicate UPEC than wild-type littermates (20, 32) . Lcn2 binds the secreted siderophore enterochelin, which UPEC and other pathogens release to acquire iron. Without iron, UPEC is unable to replicate (20) . Unlike Lcn2, RNase4's antibacterial activity has not been previously defined. Here, we provide what we believe is the first evidence that RNase4, like other RNase A Superfamily members (i.e., RNase 6 and 7), has bactericidal activity against UPEC, including MDR-UPEC (43) (44) (45) .
Additionally, we provide what we believe is the first data showing that RNase4 contributes to urine sterility while confirming that urinary Lcn2 inhibits UPEC survival. The addition of antibodies directed against RNase4 and Lcn2 to IRflox urine increased UPEC survival, linking UPEC survival to the antimicrobial activity of Lcn2 and RNase4. This phenomenon was more pronounced for RNase4 -perhaps reflecting RNase4's potent antibacterial activity. UPEC survival was not impacted by the application of these antibodies to AMP-deficient IRKO urine. These data suggest that insulin regulates IC AMP expression, and that reduced urinary concentrations of Lcn2 and RNase4 predispose IRKO mice to UTI.
Prior evidence suggests that AMP expression is impacted by insulin bioavailability. Kidneys from T1DM and T2DM rodents have suppressed β-defensin 1 (BD-1) gene expression compared with nondiabetic controls (46, 47) . In these rodents, DM-suppressed renal BD-1 mRNA and urinary BD-1 peptide expression are restored with insulin therapy. In other organ systems, insulin induces hepatic hepcidin production (48) . Cohort studies show that people with T1DM have lower serum AMP concentrations of cathelicidin and BD-1 (49) . Similarly, children with insulin-deficient T1DM have suppressed urinary RNase7 concentrations that increase with insulin therapy (17) . Here, we collected random urine specimens from control and T2DM children and adolescents, and showed that T2DM youth have suppressed urinary RNase4 and Lcn2 concentrations. Urinary AMP concentrations negatively correlated with glycemic control. Collectively, these findings suggest that a prospective analysis of serial AMP concentrations is warranted in DM patients to assess how treatment, glycemic control, and long-standing DM impact AMP expression. These studies may identify novel AMP-based biomarkers for diabetic kidney disease and/or identify patients at risk for UTI or other DM-associated infections. High-risk patients with suppressed AMP profiles may benefit from close surveillance, UTI antibiotic prophylaxis, or ultimately novel strategies to activate insulin-signaling targets to boost endogenous AMP production. jci. (17) . Once reaching 80%-90% confluency, cells were cultured in insulin-free media overnight and then treated with the indicated drugs or vehicle for the specified times as previously described (17) .
Quantitative real-time PCR. RNA was isolated from murine tissues and cell culture lysates with TRIZol (Invitrogen). qRT-PCR was performed as previously described (43, 45) . Primer sequences are shown in Supplemental Table 2 . Relative expression changes were calculated using the 2 -ΔΔCT method or normalized to gene-specific plasmid standards that were included with the indicated reactions (45) . SDS-PAGE Western blot and ELISA assay. Protein extraction and Western blot on murine tissues and cell culture lysates were performed as previously described (17, 43) . Primary antibodies included rabbit anti-RNase4 (catalog SAB1104141, Sigma-Aldrich), rabbit antiLcn2 (catalog HPA002695, Sigma-Aldrich), rabbit anti-β-IR (catalog sc-711, Santa Cruz), rabbit anti-phospho AKT (ser473; D9E; catalog 4060, Cell Signaling), and rabbit anti-GAPDH (catalog 2118S, Cell Signaling). Commercial ELISAs were performed to measure mouse RNase4 (MyBioSource), human RNase4 (Biomatik), and mouse and human Lcn2 (Abcam). Urinary RNase4 and Lcn2 concentrations were normalized to urine creatinine (Oxford Biomedical) (45) .
Urine antimicrobial assay. The antimicrobial activity of RNase4 and Lcn2 in murine urine was evaluated using colony count assays as previously described (17, 45) . Briefly, 50 μl murine urine was inoculated with 5 μl 10 7 CFU/ml UPEC (strain UTI89). When indicated, 0.5 μg polyclonal anti-RNase4 antibody (catalog ab200717, Abcam), polyclonal anti-Lcn2 antibody (Abcam), or an IgG isotype antibody for an irrelevant peptide (catalog ab95316, Reg3a, Abcam) was added to each test isolate 30 minutes before UPEC inoculation. After 2 hours of incubation at 37°C, serial dilutions of the reaction mixtures were plated on lysogeny broth (LB) agar and the number of CFU was determined the following day. Expression of recombinant mouse RNase4 peptide. Using PCR, the murine Rnase4 mature peptide coding sequence was amplified from kidney cDNA and cloned into the E. coli expression vector pDEST17 (Invitrogen), which adds a 6-residue histidine tag at the N-terminus. Forward and reverse sequencing confirmed the absence of PCR errors. Full-length Rnase4-containing plasmids were transformed into E. coli BL21 AI cells (Invitrogen) to allow for l-arabinose inducible expression. Recombinant RNase4 protein was purified, refolded, and dialyzed as previously described (43, 44) . Protein concentrations were determined by Bradford protein assay (Bio-Rad). The presence of the full-length RNase4 was visualized by SDS-PAGE followed by Coomassie staining.
or V-ATPase-Cre (provided by Raoul Nelson, University of Utah, Salt Lake City, UT, USA) mice, respectively, as outlined in Results. All mice were on a C57BL/6J genetic background. Animals were PCR genotyped according to previously published protocols and/or according to the Jackson Laboratory website (10, 27, 54) . The primers used to detect Cre/LoxP recombination and the IR lox gene are outlined in Supplemental Table 2 . All mice were maintained on standard rodent chow ad libitum with free access to water under controlled temperature and humidity with 12-hour light and dark cycles.
Mouse serum chemistries and insulin levels. Fasting serum chemistries were measured using the Alfa Wassermann VetACE chemistry analyzer (Diamond Diagnostics) at The Ohio State University Comparative Pathology and Mouse Phenotyping Shared Resource. Plasma insulin levels were quantified using a mouse insulin ELISA (Crystal Chem Inc.). Serum glucose measurements were obtained using the AlphaTrak blood glucose monitoring system (Abbott Point of Care).
Experimental UTI. Experimental UTI was performed as previously described (43, 55) . Briefly, 6-to 8-week-old female mice were anesthetized and transurethrally inoculated with 10 7 CFU UPEC (strain UTI89) in 50 μl PBS. UTI89 was recovered from the urine of a patient with cystitis (56) . At the indicated time points after inoculation, mice were reanesthetized and sacrificed via cervical dislocation. After sacrifice, organs were aseptically harvested and UPEC burdens were enumerated.
Mouse insulin dosing.
To investigate the effects of exogenous insulin therapy, IRflox and IRKO mice were starved for 6 hours. Mice were then intraperitoneally administered 0.5 U/kg insulin (Sigma-Aldrich), 1 U/kg insulin, or vehicle. One hour after injection, mice were anesthetized and sacrificed via cervical dislocation. After sacrifice, kidneys were aseptically harvested.
Mouse acid loading and pH measurements. Metabolic acidosis was induced by providing IRKO and IRflox mice drinking water containing 0.28M ammonium chloride plus 2% sucrose (31) . All animals had free access to standard rodent chow. Acid loading, water intake, food intake, and body weight were monitored daily. After 5 days of acid loading, urine and blood was collected. Blood pH was measured using an i-STAT G3 + cartridge (Abbott Point of Care). Urine was collected and urine pH was immediately measured using the Mettler Toledo SevenEasy pH meter. Murine PI3K/AKT inhibition and experimental UTI. Prior to UPEC inoculation, wortmannin (Sigma-Aldrich) was dissolved in DMSO (50-100 μl) and diluted 1:40 with sterile PBS. One hour before UPEC inoculation, mice were pretreated with intraperitoneal wortmannin (2 mg/ mouse) or DMSO/PBS solution (vehicle). Experimental UTI, tissue isolation, and assessment of UPEC burden were performed as outlined above.
Fluorescence activated cell sorting. tdT-expressing ICs were isolated by FACS as recently described with the following modifications (29) . Kidneys were harvested and cell suspensions were prepared by TissueLyser II (Qiagen) homogenization followed by Collagenase IV (Thermo Fisher Scientific) digestion and straining through a 70-μm filter. ICs were isolated on a BD FACS Vantage with DiVa option cell sorter (Becton Dickinson) by sorting tdT-positive single events.
Immunofluorescent staining and IC counting. Immunofluorescent staining in IRflox and IRKO mouse kidneys was performed as described (45) . The kidney's principal cells were labeled with a polyclonal goat aquaporin 2 antibody (catalog sc-9882, Santa Cruz Biotechnology) and tdT-positive ICs were labeled with a rabbit polyclonal RFP/tdTomato antibody (catalog 600-401-379, Rockland
